Abstract Liquid scintillation counting (LSC) method using a radioisotope tracer has several advantages such as simple procedure, high sensitivity and low detection limit, and has been used for the determination Fe concentrations in water samples. Several factors such as nitrate concentration, pH, chelating ligand affect the efficiency of this method in the determination of iron (Fe) in waters. In this study, the effect of nitrate in phytoplankton culture medium on the determination of Fe concentration by LSC method using 55 Fe radioisotope tracer was evaluated. The measured Fe concentrations in the medium were lower than its added concentration (1.5 lM) when liquid samples contain nitrate. Fe concentrations decreased exponentially as nitrate concentrations increased up to 2.64 mM, reaching a constant value of 1.31 lM Fe at nitrate concentrations higher than 2.64 mM. A correction factor (f = 1.14) was calculated from the decrease rate of Fe concentrations at different nitrate concentrations in the phytoplankton culture medium. This correction factor can be used to correct the measurement values of Fe concentrations in phytoplankton culture medium obtained from LSC method. Our results showed that up to 94 % of the added Fe can be determined by LSC using 55 Fe radioisotope tracer. The remaining 6 % was probably bound to the walls of the culturing vessel. This method is also applicable for the measurement of Fe size-fractionation in phytoplankton culture medium.
Introduction
Iron (Fe) is an essential micronutrient for phytoplankton, which plays important physiological roles in metabolic pathways such as photosynthetic and respiratory electron transport and chlorophyll synthesis [1] [2] [3] . Fe also plays a catalytic role in many biochemical reactions as a cofactor of enzymes and proteins involved in chlorophyll synthesis, detoxification of reactive oxygen species, respiratory and photosynthetic electron transport, and nitrogen assimilation [4] . Fe is the fourth most abundant element in the earth's crust, and one of the important trace metals in seawater [5] . Fe exists primarily as thermodynamically stable trivalent state in seawater [6] [7] [8] , and its availability in ocean waters is predominately limited by the solubility of Fe(III) [9] .
The form of Fe is divided into particulate and dissolved fractions. Most of the inorganic Fe is precipitated as particulate form, such as hydrous oxide at pH 8.0. Dissolved form of Fe is further divided into truly dissolved and colloidal forms. Dissolved Fe can exist in seawater in two oxidation states, Fe(II) and Fe(III), free or complexed with inorganic and organic ligands [8] . It is reported that major fraction of Fe are free inorganic ion, organic complexes, and hydrous Fe oxide [10] . However, the chemical forms of available Fe to phytoplankton are unclear. The measurement of Fe concentration in seawater is therefore important to investigate the Fe uptake mechanism by phytoplankton [11, 12] . In general, analytical methods for Fe in seawater needs preconcentration processes because of the low Fe concentration in the ocean [9] compared to its ubiquity and the interference of major salts with sensitive instruments [13] [14] [15] [16] [17] . There is also the possibility of contamination during environmental sampling. Furthermore, marine phytoplankton culture medium often contains significant amounts of organic ligand enrichments, which often interfere with Fe measurements using analytical instruments.
The Fe determination methods at trace and ultra-trace levels in seawater are (1) atomic spectrophotometry (e.g., graphite furnace atomic absorption spectrometry (GF-AAS) or inductively coupled plasma mass spectrometry (ICP-MS)); (2) electrochemical analysis using catalytic cathodic stripping voltammetry; and (3) Fe. Solvent extraction is performed as a preconcentration step in the determination of Fe concentration in seawater by GF-AAS because of insufficient sensitivity of the instrument [12] [13] [14] 16] . The concentration of Fe in seawater can be determined at part per trillion (ppt) level by ICP-MS since the instrumental sensitivity is very high, but the technique needs the preconcentration, desalination process, and the separation of the principal constituent [15, 16, 18] . Stripping voltammetry methods have been developed for sensitive and speciation analysis in the presence of organic ligands, but require pre-processing of acid or microwave treatment for colloids or high Fe concentration [19] [20] [21] [22] .
In addition to the above analytical techniques, radiochemical analysis (using a radioisotope tracer) can be used for the determination of Fe concentrations in phytoplankton by measuring the ratio of radioactivity. The radiochemical tracer techniques have been used to determine Fe size-fractionation in phytoplankton cultures such as intra-and extracellular Fe [23, 24] and Fe(II) production [25] . This method has several advantages such as simple procedure, high sensitivity and low detection limit, and can be useful for the determination of Fe in phytoplankton of laboratory experiments. 55 Fe was determined by counting with a liquid scintillation counter [26] . In this method, isolated 55 Fe was determined by a modification of the LSC method. Single label LSC and a quench correction were used for 55 Fe determination. In the present study, we examined the effect of nitrate concentration on the measurement of Fe concentration in phytoplankton culture medium by liquid scintillation counting (LSC) method using 55 Fe radioisotope tracer. We also investigated the effect of the organic ligands, pH, 55 Fe and 59 Fe radioisotope tracers, and organic matter released by phytoplankton in the solution on the measurement of Fe concentration and size-fractionation in phytoplankton culture by LSC method. A correction factor was calculated from the decrease rate of Fe concentrations at different nitrate concentrations in the phytoplankton culture medium. This correction factor can be used to correct the measurement values of Fe concentrations in phytoplankton culture medium obtained from LSC method.
Materials and methods

Reagents
Artificial seawater was prepared by modifying f/2 culture media for phytoplankton according to the method of Lyman and Fleming [27] (Table 1) , in which 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethane sulfonic acid (HEPES; Nacalai Tesque, Japan) was used as a buffer reagent [28] . The standard solution of Fe was prepared by dissolving FeCl 3 Á6H 2 O (Wako, Japan) and radioactive isotope 55 Fe was prepared by dissolving 55 FeCl 3 (740 MBq, Daiichi Pure Chemicals, Japan) in 1 M HCl. They were diluted to the desired concentrations with E-pure water (EPW, E-pure system, Barnstead, USA), 3 % NaCl solution, artificial seawater, and modified f/2 media. Ethylenediamine-N,N,N 0 ,N 0 -tetraaceticacid (EDTA; Dojindo, Japan), diethylenetriamine-N,N,N 0 ,N 00 ,N 00 -tetraaceticacid (DTPA; Dojindo, Japan) and ethylene-diamine-N,N,N 0 ,N 0 -tetrakis(methylenephosphonicacid) (EDTPO; Dojindo, Japan) were used as chelating ligands. The cocktail for the organic scintillation measurement was prepared by dissolving 3.03 g of 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (Dojindo, Japan) in 500 mL of toluene. Other reagents were of analytical reagent grade or better.
Sample solution, EPW, 3 % NaCl solution, artificial seawater or modified f/2 culture media were taken in 30 or 250 mL polycarbonate bottles (Nalgene), and the pH was adjusted to either 2, 5, 8, or 11 using 1 M HCL or 1 M NaOH. Concentrations of Fe, chelating ligands, and nitrate were 1.5 lM (specific activity of 4.11 TBq/mol FeCl 3 ), 0-15 lM, and 0-50 mM, respectively. The temperature of the samples was 20°C during the experiment.
Measurement of size-fractioned Fe in phytoplankton culture solution
Concentrations of Fe and chelating ligands in the medium were 1.5 lM (containing 55 Fe 4.11 TBq/mol FeCl 3 ) and 15 lM, respectively. Phytoplankton Skeletonena costatum, which was pre-cultured with Fe-limited media, was inoculated in the experimental culture solution after 48 h at 20°C. In this study, 0.025, 0.20, and 3.0 lm pore-size polycarbonate filters (Corning, USA) were used to fractionate Fe. The 0.025 lm filter was used to separate colloidal Fe from its particulate fraction corresponding to 200 kDa of molecular weight, and 0.20 lm filter was used to separate colloidal fraction from its large labile particle fraction. The 3.0 lm filter was used to separate the extracellular Fe that was adsorbed on the surface of phytoplankton cell from its other fractions. For the determination of size fraction, 3 mL aliquots of the sample were filtered through different pore-size filters, and the filter and filtered were used for Fe determination. For the measurement of dissolved Fe, 100 lL of filtered sample was taken in 5 mL of liquid scintillation solution. For the measurement of particulate Fe, the filters were washed with 3 mL of artificial seawater at room temperature, and were soaked in 5 mL of the liquid scintillation solution. Total Fe concentration was determined by adding 100 lL of unfiltered sample solution to 5 mL of liquid scintillation solution. The solution was taken in 20-mL bottles for the measurements by scintillation counting method, and the detection limit of the determination method was 10.8 nM. The concentration of Fe(III) was calculated by the Fe(III)/ 55 Fe(III) ratio in sample solutions.
Equipments
All radiochemical measurements were carried out on a liquid scintillation counter (LSC-6101, Aloka, Japan). An inductively coupled plasma atomic emission spectrometer (ICP-AES; Optima 3300XL, PerkinElmer, USA) equipped with an ultrasonic nebulizer (U-5000AT, Cetac, USA) was used for the determination of Fe concentrations in standard solution.
Results and discussion
Effect of chelating ligands, pH and nitrate on the measurement of Fe by LSCM
Effect of chelating ligand
Chelating ligand is generally used to prevent Fe(III) precipitation in phytoplankton culture medium in the laboratory experiments. The effect of chelating ligands such as EDTA, DTPA, and EDTPO on Fe measurement values of scintillation counting method are shown in Fig. 1 . Whether chelating ligands were added to the solution or not, measured values of Fe concentration in the modified f/2 culture medium (with or without nitrate) were lower than those in artificial seawater. Regardless of the chelating ligands and control, Fe concentrations were significantly higher in f/2 culture medium without nitrate than in the medium with 0.88 mM nitrate. For example, the measurement values of Fe in EDTA and EDTPO treated f/2 culture medium without nitrate were 1.47 ± 0.03 and 1.48 ± 0.23 lM, while its concentrations were 1.01 ± 0.12 and 1.03 ± 0.22 lM in the medium with 0.88 mM nitrate, respectively. Results indicate that chelating ligands does not affect the measurement of Fe concentration by LSC method while nitrate does affect. Fig. 2) . Irrespective of the pH, the measurement values of Fe concentrations in EPW, artificial seawater, and modified f/2 culture medium decreased by 9-10 % for the addition of 0.88 mM nitrate in the medium. The lowest measured values of Fe concentrations in EPW, artificial seawater, and f/2 culture medium with nitrate were 1.03 ± 0.09, 1.04 ± 0.00 and 1.01 ± 0.04 lM at pH 2, which differed significantly (P \ 0.05) with those of the highest values of 1.40 ± 0.06, 1.37 ± 0.05 and 1.30 ± 0.09 at pH 11, respectively. The results indicate that pH also affect the measurement of Fe concentration by the LSC method.
Effect of nitrate on the measurement of size-fractioned Fe in the medium
To investigate the effect of nitrate on the measurement of Fe concentrations of different size-fractions (e.g., particulate, colloidal, and soluble fractions) by the LSC method, the culture media were filtered through 0.20 lm filters and the Fe concentrations were measured in both the filtered and unfiltered medium. Irrespective of addition of nitrate in the medium, Fe in the filtered samples of EPW and artificial seawater was found mostly ([90 % of the total Fe) of \0.20 lm fraction, while about half of the Fe in modified f/2 culture medium was found to be of [0.20 lm fraction (Fig. 3) . In addition, Fe concentrations in the modified f/2 medium without nitrate were 1.31 ± 0.05 and 0.58 ± 0.05 lM, which were decreased in the medium with nitrate to 1.20 ± 0.07 and 0.52 ± 0.02 lM for unfiltered and filtered samples, respectively (Fig. 3c) . On the other hand, the measurement values of Fe concentrations of \0.20 lm fraction in the filtered were almost same; 0.33 ± 0.04 and 0.34 ± 0.04 lM in the medium without and with 0.88 mM nitrate, respectively (Fig. 3c) . Results indicate that the addition of nitrate in the medium apparently decreased the concentration of Fe in the samples, which would be because nitrate interfered with scintillation counting of X-ray for 55 Fe. In the LSC method, the measurement efficiency of Fe concentration may be decreased for quenching effect that may occurs from impurities, additives, and radioactive material in liquid scintillation counter [29] . Several correction methods such as internal standard method, sample channel ratio method, and external standard were used to correct measurement efficiency. However, these methods are applicable to get reliable measurement values of Fe concentrations if the quenching is stable or the number of samples is few. Other correction method may be required for the measurement of Fe concentration by this method since the quenching effect of nitrate depends on the nitrate concentrations in the samples. Influence of nitrate on the measurement of Fe concentrations using 55 Fe and 59 Fe
In the present study, the effect of radioisotope tracer ( 55 Fe and 59 Fe) on the measurement of Fe concentrations in phytoplankton culture medium by LSC method was investigated. When
55
Fe radioisotope tracer was used, the measurement values of Fe concentrations in EPW, artificial seawater and modified f/2 medium without nitrate were 1.54 ± 0.04, 1.50 ± 0.14, and 1.40 ± 0.08 lM that decreased to 1.39 ± 0.11, 1.34 ± 0.14, and 1.25 ± 0.07 lM, respectively, for the addition of 0.88 mM nitrate, and the correction rate differed by 10 % for the addition of nitrate (Fig. 4a) . On the other hand, measurement values of Fe concentrations in EPW, artificial seawater and modified f/2 medium were almost identical when 59 Fe was used as radioisotope tracer, and the values did not depend on nitrate in the medium (the Fe concentrations were 1.49 ± 0.06, 1.38 ± 0.08, and 1.39 ± 0.13 lM in EPW, artificial seawater and modified f/2 media without nitrate, and 1.45 ± 0.09, 1.37 ± 0.04, and 1.42 ± 0.11 lM in the medium with 0.88 mM nitrate, respectively).
In addition, when 59 Fe radioisotope tracer was used for the measurement of Fe concentrations by c-counting method, the correction rates of the measurement values did not differ for the addition of nitrate in the medium (Fig. 4b) .
The measurement values were 96864 ± 87, 98680 ± 94, 98628 ± 182 cpm for EPW, artificial seawater and modified f/2 culture medium without nitrate and 98249 ± 103, 98801 ± 91, 97784 ± 149 cpm for medium with 0.88 mM nitrate, respectively. It is suggested that nitrate cannot affect the measurement of Fe concentration when 59 Fe radioisotope tracer is used in LSC method because the frequency of excitation of the scintillator is related to the half-life of Fe radio-isotopes.
Correction factor (f) for the measurement of Fe concentrations
The effect of nitrate concentration on the measurement of Fe concentration in phytoplankton culture medium based on LSC measurements using 55 Fe was investigated. The measurement values of Fe concentrations decreased exponentially up to 2.64 mM nitrate in the medium and then remain steady (about 1.31 lM) up to 44 mM nitrate concentration (Fig. 5a ). Using these data, the decrease rate of the measurement values of Fe concentrations by LSC method for the addition of nitrate in the medium was calculated by the following formula:
where, Fe 0 and Fe 00 are Fe concentrations in culture medium without and with nitrate, respectively. The results showed that Fe concentrations increased with increasing nitrate concentrations up to 2.64 mM, and then remain constant up to 44 mM nitrate concentrations (Fig. 5b) . Using the Fe concentrations in the medium of Corrected concentration of Fe Fe
where, ½Fe c = the corrected concentration of Fe; Fe ½ tn = measured value of Fe concentration at each nitrate treatment. The correction factor (f = 1.14) that was calculated from the decrease rate of Fe concentrations at different nitrate concentrations. This correction factor can be applied at nitrate concentrations [2.64 mM in the medium. However, we recommend 10 mM nitrate as matrix modifier.
The measurement of Fe concentration in phytoplankton culture medium
Effect of organic matter released by phytoplankton
The effect of organic matter that may be released by phytoplankton during culture on the measurement of Fe concentrations in the modified f/2 culture medium by LSC method was investigated. Fe concentrations were measured in unfiltered and filtered (through 3.0 lm filter) medium at logarithmic growth phase of phytoplankton culture. Fe concentrations were 1.48 ± 0.03 and 1.35 ± 0.02 lM in unfiltered medium without and with 0.88 mM nitrate, respectively, and its concentrations in filtered medium did not differ significantly for the addition of nitrate (Fig. 6) . The corrected concentrations of Fe were 1.51 ± 0.03 and 1.45 ± 0.03 lM in the unfiltered medium without and with 0.88 mM nitrate, respectively. These values correspond to the approximate concentration of Fe added to prepare the medium. The result indicates that the organic matter released by the phytoplankton do not affect the measurement values of Fe concentrations in the phytoplankton culture medium by LSC method, and thus, this method can be used for the determination of Fe concentration in phytoplankton.
Measurement of size-fractioned Fe concentrations in the phytoplankton culture In addition, Fe concentrations in unfiltered culture medium and sum of other fractions (dissolved ? colloidal ? large labile particle ? particulate fractions), measured by LSC method at the time of phytoplankton inoculation, were 1.46 ± 0.03 and 1.35 ± 0.09 lM, respectively, which is about 94 % of its added concentration in the unfiltered medium. Therefore, the LSC method can be used in the sizefractionation analysis of Fe.
Conclusions
Nitrate is an important nutrient for marine phytoplankton culture medium that affects the determination of Fe concentrations in the medium by LSC method using 55 Fe radioisotope tracer. Nitrate decreases the measurement values of Fe concentration when 55 Fe radioisotope tracer is used in LSC method. One of the approaches to the solution of this problem would be the addition of nitrate to all the liquid samples as well as the quench curve samples as a matrix modifier. The counting efficiency of 55 Fe by the LSC method is constant in the range of 2.64-44.0 mM nitrate, where it is possible to yield reproducible measurements and linear behavior for Fe determination. The decreased measurement values can also be corrected using a correction factor (f = 1.14) that is calculated from the decrease rate of Fe concentrations in the medium at different nitrate concentrations. This correction factor is more suitable at 10 mM nitrate concentration in the medium. Since nitrate does not affect the measurement values of Fe concentrations when 59 Fe radioisotope tracer is used in the LSC method, the use of 59 Fe radioisotope tracer instead of 55 Fe can be a solution to the problem of decreased measurement values. In addition, the LSC method can also be used effectively to determine Fe fractions in the phytoplankton culture medium. (UTS), Australia, for supporting the research. We also would like to thank Dr. Anne Colville, School of Environmental Sciences, University of Technology Sydney (UTS), Australia, for reviewing the manuscript and making a number of helpful suggestions prior to submission.
